INTRODUCTION
Cell, molecular, and neurobiologists increasingly rely on imaging the distribution and dynamics of proteins in living cells. Key to recent advances in this area has been the use of fusions between a protein of interest and the green fluorescent protein (GFP) or one of its spectral variants (1) . Although they have been extremely useful, such fusions have at least three limitations: (i) the relatively large size of GFP (238 amino acids) can perturb localization and function of the tagged protein; (ii) it is difficult to distinguish intracellular from extracellular pools of GFP-tagged membrane proteins in live cells; and (iii) multicolor experiments require separate DNA constructs for each spectral variant. A strategy that overcomes these problems is to tag proteins with small epitopes recognized by membrane-impermeant fluorescent probes. This method, however, also has limitations: currently used epitope tags are recognized by probes that are very large (antibodies), not widely available, or not suitable for use in living animals (2) (3) (4) .
Here, we have circumvented these limitations by generating and testing fusion proteins that incorporate short sequences recognized by two reporter proteins, α-bungarotoxin (BTX) and streptavidin (SA), which are wellcharacterized, commonly used, and have been successfully conjugated to numerous fluorophores. BTX is a small protein (74 amino acids) from snake venom that binds with high affinity and specificity to the acetylcholine receptor (AChR) of the skeletal neuromuscular junction (5) . Conjugated to fluorophores such as fluorescein, tetramethylrhodamine isothiocyanate (TRITC), or Alexa™ dyes, BTX has been used in numerous studies on the molecular architecture and development of the neuromuscular synapse (6) . SA from bacteria, like avidin from egg white, binds with extraordinarily high avidity (hence its name) to biotin. Multiple conjugates of SA and avidin with fluorophores and enzymes are available commercially and have been become standard histological reagents (7) . Both BTX and SA are ideal markers of transmembrane molecules because they exhibit little nonspecific binding, do not cross the cell membrane, and can access more sterically restricted spaces than antibodies (8-53 versus 150 kDa).
During the past several years, short peptide sequences have been isolated to which BTX and SA bind ( Figure  1A ). In each case, random sequences were initially selected by phage display (8, 9) , and higher affinity ligands were created by modification of these sequences (10) (11) (12) (13) (14) . Currently, the best available BTX-binding sequence (called BTX-Tag here) is a 13-amino acid peptide that forms an antiparallel β-hairpin structure mimicking the bungarotoxin binding site on the AChR (11) . The best available SA-binding sequence, called SBP-Tag (14) , is a 38-mer that recognizes the biotin-binding site of SA. Here, we show that BTXTag and SBP-Tag can be used to label a variety of proteins in living cells with multiple fluorophores, to follow their trafficking, and to selectively label surface-associated pools without interference from larger intracellular pools. While this paper was under review, Sekine-Aizawa et al. (15) 
MATERIALS AND METHODS

Generation of Tagged Constructs
The sequence 5′-TGGCGGTA-C TA C G A G A G C A G C C T G G A -GCCCTACCCCGAC-3′ was used for all BTX-Tag constructs. The sequence 5′-ATGGACGAGA-
was used for all SBPTag constructs.
To generate vesicle-associated protein (VAMP2)-BTX-Tag and VAMP2-SBP-Tag, VAMP2 was PCRamplified to add an engineered BamHI site to the C terminus and ligated into pcDNA3.1+ containing 5′-BamHIlinker (GSGGSGGTGYRS)-BTX-Tag/ SBP-Tag.
To generate SBP-Tag-γ-aminobutyric acid (GABA A α2), SBP-Tag sequences were PCR-amplified to add 5′-AgeI and 3′-SpeI sites. Tags were inserted into the peYFP-N1 vector (BD Biosciences Clontech, Palo Alto, CA, USA) containing the signal sequence from the N-methyl-D-asparate (NMDA) receptor 2B subunit (NR2B) followed by engineered Age1 and Spe1 sites followed by GABA A α2 beginning with NIQE.
To generate BTX-Tag-AChRα3, 5′-NotI and 3′-EcoRV sites were added by PCR to BTX-Tag, and the product was inserted into pcDNA3.1+ containing the signal sequence from AChRα3 followed by engineered Not1 and EcoRV sites followed by a linker (AGGTTQEEMKDA) and the α3 coding sequence beginning with SEAE.
To generate BTX-Tag-glutamate (mGluR2) and SBP-Tag-mGluR2, 5′-and 3′-AgeI sites were added by PCR to BTX-Tag and SBP-Tag. The mGluR2 gene, including signal sequence, was subcloned into pcDNA3.1+, and tags were inserted into the unique AgeI site past the signal sequence.
To generate SBP-Tag-musclespecific kinase (MuSK), 5′-and 3′-AvrII sites were added to the SBP-Tag by PCR, and the product was inserted into an unique AvrII site that had previously been engineered into the ectodomain immediately following the signal sequence (16) .
Transfection and Staining of HEK 293 cells
Eight-well LabTek chamber slides (Nalge Nunc International, Rochester, NY, USA) were coated with rat-tail collagen in 30% ethanol. Human embryonic kidney (HEK) 293 cells were plated at 2 × 10 4 cells/well in Dulbecco's modified Eagle medium (DMEM) plus 10% fetal calf serum. After growth overnight, the cells were transfected using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Cells were stained 36-48 h after transfection. For live staining, TRITC-BTX, Alexa 488-BTX (1 μg/1 mL), Alexa 488-SA or Alexa 568-SA (2 μg/1 mL; all from Molecular Probes, Eugene, OR, USA) was added to media for 30 min at the indicated temperature. Cells were washed twice for 5 min each with medium. Cells were then fixed with 2% paraformaldehyde, rinsed with phosphate-buffered saline (PBS), and mounted in 10% glycerol containing p-phenylenediamine. For permeabilization, cells were fixed, washed, and incubated for 1 h in 0.1% Triton ® X-100, 2% normal goat serum, and 2% bovine serum albumin in PBS. Images were taken on either a Zeiss Axiovert epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA) or an Olympus FluoView™ FV1000 confocal microscope (Olympus, Melville, NY, USA). Gamma values were manipulated using Adobe ® Photoshop ® (San Jose, CA, USA), with all panels from a single figure adjusted identically.
To assess the apparent affinity of SA and BTX for tagged proteins, HEK cells were transfected with VAMP2-SBP-Tag or VAMP2-BTX-Tag plasmids that incorporated a neomycin resistance gene. Stably transfected cells were selected with G418, single cells were cloned, and clones expressing the respective tags in most or all cells were identified. Cells were plated, stained live at 17°C for 30 min with Alexa 488-BTX or Alexa 488-SA, washed, and fixed as above. Images were taken using a 10×, 0.3 NA objective. Exposure times and illumination settings were selected in order to avoid saturated pixels in the wells stained with the highest concentration of probe. Using the same settings, multiple images were taken for each concentration of probe. Using Metamorph Software (Downingtown, PA, USA), background values, taken from images of identically stained untransfected cells, were subtracted from images of transfected cells. Intensity histograms of the entire field were taken, and the pixel intensity of the inflection point of the histogram was recorded. Dissociation constant (K d ) values were calculated from double reciprocal plots.
Transfection and Staining of C2C12 Myoblasts
C2C12 myoblasts were cultured on gelatin or laminin as described in Kummer et al. (17) . Myoblasts were transfected with FuGENE™ 6 (Roche Diagnostics Corporation, Indianapolis, IN, USA) at the time of plating according to manufacturer's protocol. Myoblasts were incubated at 37°C, 5% CO 2 until confluent (usually 24 h), then switched to DMEM plus 2% horse serum and antibiotics to induce fusion. In some cases, agrin was added in order to induce the formation of clusters of AChRs. Cells were allowed to differentiate for an additional 2-5 days, then stained with TRITC-BTX and Alexa 488-SA to label AChRs and SBP-TagMuSK, respectively.
RESULTS
Use of BTX-Tag and SBP-Tag to Label Live Cells
We first fused BTX-Tag or SBP-Tag to the C terminus of VAMP2 (also called synaptobrevin-II), a type II protein with a single transmembrane domain that is concentrated on synaptic vesicles in neurons, but expressed at high levels on the plasma membranes of transfected nonneural cells (18) (Figure 1A) . HEK 293 cells were transfected with an expression vector encoding a fusion protein; GFP was also introduced to assess transfection efficiency. Two days later, cells were stained live at 4°C with TRITC-conjugated BTX or Alexa 568-conjugated SA, then fixed and viewed in a fluorescence microscope. TRITC-BTX stained cells that had been transfected with VAMP2-BTX-Tag, but not nontransfected cells or cells transfected with VAMP2-SBP-Tag (Figure 2A,  left) . Conversely, Alexa 568-SA stained cells that had been transfected with VAMP2-SBP-Tag, but not nontransfected cells or cells transfected with VAMP2-BTX-Tag (Figure 2A, right) . Neither BTX nor SA labeled cells that were transfected with GFP alone (see Figure 4C) . From these results, we conclude that: (i) staining by both fluorophore-conjugated reagents was specific; (ii) BTX-Tag and SBP-Tag retain their binding abilities when conjugated to a membrane protein; and (iii) both VAMP2-BTX-Tag and VAMP2-SBP-Tag are expressed on the cell surface.
To verify that BTX-Tag and SBPTag selectively labeled sites associated with the plasma membrane, we used confocal microscopy to compare cells stained live at 4°C or following fixation and permeabilization with a nonionic detergent. In thin optical sections of cells stained live, fluorescence was exclusively associated with the cell surface ( Figure 2B , left, and data not shown). A similar membrane staining pattern was observed when VAMP2-BTX-Tag-or VAMP2-SBP-Tagtransfected cells were fixed without permeabilization and then stained (data not shown). In contrast, in VAMP2-BTX-Tag-transfected cells that were permeabilized before staining, fluores- 
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cence was distributed throughout the cytoplasm in a particulate pattern that highlighted the entire pool of tagged molecules ( Figure 2B, center) . Thus, even though much of the tagged VAMP2 is retained intracellularly, only the surface-associated pool is labeled in live cells. Likewise, SA diffusely labeled the cytoplasm of permeablized, VAMP2-SBP-Tag-transfected cells. In this case however, nonspecific staining was also detected, perhaps owing to endogenous intracellular biotin. From these results, we confirm that BTX and SA are membrane-impermeable and can be used to selectively label transmembrane molecules.
We determined the apparent affinity of BTX and SA for VAMP2-BTX-Tag or VAMP2-SBP-Tag, respectively, on the surface of live cells. Measurements were made by quantitative fluorescence microscopy; endocytosis was blocked by maintaining the cells at 17°C. 
Multicolor Labeling of BTX-Tag Proteins to Follow Trafficking
When VAMP2-BTX-Tag-or VAMP2-SBP-Tag-transfected cells were incubated live with BTX or SA and then fixed, the staining pattern varied dramatically with the temperature at which staining was performed. Whereas fluorescence was entirely surface-associated when the cells were stained at 4°C, most cells contained intracellular deposits of fluorescence following 0.5-2 h staining at 37°C ( Figure 2B, right panel) . Nontransfected control cells showed no detectable fluorescence (see Figure 4C and data not shown), suggesting that tagged molecules labeled on the cell surface underwent rapid endocytosis. To test this idea, we performed the following experiment (Figure 3 ). VAMP2-BTXTag-expressing cells were incubated with Alexa 488-BTX (fluoresces green) at 37°C, then washed and incubated in fluorophore-free medium for an additional 25 min, during which time endocytosis could proceed. The cells were then cooled to 4°C, incubated with TRITC-BTX (fluoresces red), washed, and fixed. The green label was predominantly intracellular, whereas the red label was almost entirely surface-associated (Figure 3, G→R) . Similarly, when cells were incubated with TRITC-BTX at 37°C followed by Alexa 488-BTX at 4°C, the red label was predominantly intracellular, and the green label was surface-associated ( Figure 3, R→G) . In both cases, the first color localized to both intracellular regions and the cell membrane, while the second color was present only on the cell membrane. These results indicate that BTX-tagged proteins can be labeled with multiple fluorophores to monitor protein trafficking.
BTX-and SBP-Tagged Neurotransmitter Receptors
The ability to label AChRs at the skeletal neuromuscular junction has been critically important in studies on the structure and development of this synapse (6) . Lack of a similarly useful extracellular label for neuronal receptors is one of the reasons that much less is known about neuron-neuron synapses. GFP-labeled receptors have been of limited utility, because large intracellular pools of receptors near many central synapses prevent specific visualization of the smaller surfaceassociated pools that mediate synaptic transmission (19) (20) (21) .
To determine whether BTX-or SBP-tags could be used to circumvent this limitation, we generated tagged versions of receptors for three central neurotransmitters: acetylcholine, GABA, and glutamate. Specifically, we tagged the AChRα3 subunit, the GABA A α2 subunit, and the metabotropic (G protein-coupled) mGluR2. In each case, we placed the tag in a First, we inserted a BTX-Tag into the first extracellular domain of the AChRα3 subunit. The muscle-type AChRα1 subunit binds BTX, but neuronal AChRα2-6 do not (22) . Staining was barely detectable when cells expressing this fusion protein were stained live, but intense when cells were fixed and permeabilized prior to staining ( Figure 4A, left) . Thus, the protein was able to bind BTX but did not reach the cell surface. Based on reports indicating that AChRα subunits are poorly externalized unless they form complexes with β subunits (23), we co-expressed the BTX-Tag-AChRα3 subunit with an untagged AChRβ4 subunit. In this case, BTX did stain live cells (Figure 4A center) . Neither AChRβ4 nor untagged AChRα3 bound BTX ( Figure 4A , right, and data not shown).
Next, we generated and tested SBPTag-GABA A α2. GABA A receptor α subunits, like AChRα subunits, require β subunits for cell surface expression in heterologous cells (24) . As was the case for BTX-Tag-AChRα3, the tagged GABA A α2 subunit did not reach the surface when expressed on its own, but did so when co-expressed with the GABA A β3 subunit ( Figure 4B ).
Third, we generated both BTX-and SBP-tagged derivatives of mGluR2. Cells transfected with BTX-TagmGluR2 molecules bound fluorophoreconjugated BTX but not conjugated SA when stained live, whereas cells transfected with SBP-Tag-mGluR2 molecules bound SA but not BTX ( Figure 4C ).
Together these results indicate that BTX-and SBP-Tags can be used to label neurotransmitter receptors. Like BTX labeling of AChRs at the neuromuscular junction (NMJ), this system provides a tool to distinguish the small surface-associated pool of neurotransmitter receptors at synaptic sites from often larger, intracellular pools.
Co-Labeling of Multiple Surface Epitopes
To ask whether tagged proteins could be used to monitor localization of proteins in differentiated cells, we turned to myotubes. The clustering of AChRs in the postsynaptic membrane of the skeletal neuromuscular junction requires activation of a receptor tyrosine kinase, the muscle-specific kinase (MuSK) (6, 25) . MuSK is colocalized with AChRs in aggregates, both in vivo and in cultured myotubes (26, 27) , but the large size of immunoglobulins and the limited availability of anti-MuSK antibodies suitable for immunolocalization has hindered analysis of how this co-localization is achieved as the postsynaptic membrane forms. We therefore generated an SBPTag-MuSK fusion protein, so we could simultaneously monitor the distribution of MuSK and of AChRs, which bind BTX. The tag was added at a site previously shown to tolerate insertion of GFP without loss of bioactivity (16) . C2C12 myoblasts were transfected with SBP-Tag-MuSK and then induced to form multinucleated myotubes by switching to low-serum medium. AChR clustering was stimulated by treatment with agrin. Myotubes were stained live with TRITC-BTX to label endogenous AChRs plus Alexa 488-SA to label SBP-Tag-MuSK. As shown in Figure  5A , SBP-Tag-MuSK and labeled AChRs were co-localized in clusters, while nontransfected C2C12 myoblasts showed punctate BTX staining and lacked SA staining ( Figure 5B ). Thus, tagged MuSK can be used to monitor assembly of postsynaptic specializations.
Finally, to test the ability of fluorophore-conjugated SA to permeate restricted spaces, SBP-Tag-MuSKexpressing myotubes were cultured on laminin-coated dishes under conditions known to promote formation of elaborate AChR clusters at broad areas of close myotube-substrate apposition (17) . AChRs at these sites can be labeled in live cells by BTX, but antibodies to extracellular determinants of AChRs fail to label the clusters unless the cells are fixed and permeabilized with detergent prior to incubation with antibody (data not shown). SA did penetrate this restricted space however, as shown by co-localization of SBP-Tag-MuSK and AChRs ( Figure 5, C and D) . From this result, we conclude that SA, like BTX, can be used to penetrate narrow spaces, such as synaptic clefts, that are poorly accessible to antibodies.
DISCUSSION
We have devised a simple and generally applicable method for labeling membrane-associated proteins in live cells. This strategy involves genetic fusion of peptides recognized by BTX (BTX-Tag) or SA (SBP-Tag) to ectodomains of transmembrane proteins. We demonstrated the specificity of BTX and SA binding and verified selective labeling of extracellular epitopes. Using these tags, we labeled a vesicleassociated membrane protein, three neurotransmitter receptors, and a receptor tyrosine kinase. We further demonstrated that the tags can be used to pulse label cell surface epitopes with multiple fluorophores, to follow membrane trafficking, and to determine the spatial relationships of multiple cell surface molecules.
BTX-and SBP-Tags provide a useful alternative to current methods for labeling proteins on the surface of live cells. First, while fluorescent proteins reveal the entire cellular pool of fusion proteins, our tags allow for selective identification of transmembrane molecules. This is particularly advantageous in studying neurotransmitter receptors at synapses where large numbers of biologically inactive receptors lie immediately beneath the postsynaptic membrane (19) (20) (21) . Second, BTX-Tag and SBPTag are approximately10-fold smaller than fluorescent proteins. They are therefore less likely to interfere with protein folding and function and allow for greater flexibility in epitope placement. Third, numerous fluorophore conjugates of BTX and SA are commercially available, allowing selection of labels with optimal photochemical properties and multicolor labeling from a single DNA construct. Fourth, contrasting fluorophores can be applied in succession to labeldistinct pools of molecules in "pulsechase" experiments. Finally, BTX and SA are smaller than the antibodies used to reveal standard epitope tags, thereby facilitating access to sterically restricted areas like synapses of the central nervous system.
Potential uses for BTX-and SBPtagged proteins include the following: (i) VAMP2 is an intrinsic protein of synaptic vesicles, which becomes exposed to the extracellular space when neurotransmitter is released (28) . VAMP2-BTX-Tag or VAMP2-SBPTag could be introduced into neurons, to monitor exocytosis and vesicle recycling. (ii) Tagged AChRs, GABARs or mGluRs could be introduced into neurons and stained with SA or BTX in order to label synaptic receptors and follow the changes in their levels and distribution that underlie changes in synaptic efficacy (21) . (iii) Endocytosis of surface proteins could be monitored by pulse-labeling transfected neurons with multicolor SA or BTX. (iv) BTX-and SBP-tagged proteins could be introduced together and used to monitor assembly of multimolecular complexes on the cell surface. (v) Co-labeling with the BTX or SBP tag along with other tags that label both extra-and intracellular pools, such as GFP or biarsenical ligands (2) could be used to monitor relative sizes of multiple pools simultaneously. These and other application may make BTXand SA-tagging a generally useful tool for analysis of membrane proteins.
